Abstract. Numerical and experimental results for a rarefied gas expansion through a thin circular orifice are presented. The orifice flow was used as a calibration test for a torsional thrust stand designed to measure force levels of 10 ¤ 6 to 10 ¤ 3 N. Molecular nitrogen, argon and helium at room temperature were used as test gases. The mass flux and thrust measurements are compared with the direct simulation Monte Carlo results for Knudsen numbers from 40 to 0.01 and plenum to facility background pressure ratio of 10 3 ¥ 10 7 . Factors that affect the total propulsive force, such as jet backflow and facility background gas penetration of the jet, are analyzed. The measured mass flux and total propulsive force are found to agree well with the DSMC simulation results.
INTRODUCTION
Micropropulsion development requires the ability to measure very low thrust levels with high precision. Typical micropropulsion devices, such as cold gas and mono-and bi-propellant thrusters, and resistojets, produce thrust force on the order of milli-and micro-Newtons. For such force levels, facility vibrations and test stand drift can lead to significant measurement errors. Also, the accurate modeling of micropropulsion devices is often hampered by the many uncertainties in the flow and material characteristics such as the distribution of wall temperature, viscositytemperature exponents for a specific mixture, and internal energy transfer models. The ability to model a simple orifice flow to high precision permits the calibration of milli-and micro-Newton thrust stands. This paper describes the modeling and experimental results of mass flux and thrust force for orifice flow in the transitional regime. For the experimental conditions considered in this work, room temperature, argon, nitrogen, and helium test gases, molecular collision parameters such as the viscosity-temperature exponents and molecular diameters are well known. Hence accurate simulation results can be obtained by the direct simulation Monte Carlo method. [1] The method is applied to the modeling of a gas expansion through an orifice for Knudsen numbers from 0.01 to 40.
EXPERIMENT
The detailed description of the experiment may be found in Refs. [2] and [3] . The orifice has a diameter d ¦ 1 § 0 mm and a thickness t ¦ 0 § 015 mm and is machined in a tantalum shim attached to an aluminum plenum. The plenum is mounted on a torsional thrust stand. The measurements of the mass flux have been made at the gas inlet with an MKS mass flow meter. The force measurements were made by sensing the angular deflection of the thrust stand arm due to the total torque force. The angular deflection was detected by measuring the linear displacement using a linear differential voltage transducer. Data were obtained for plenum pressures of 0.1 to 4 torr and background-to-plenum pressure ratios of 10¨7 to 10¨3.
In ground-based low thrust measurements the influence of the facility background gas can be significant and has to be accounted for. The total force measured by the thrust stand is due to four sources as shown in Fig. 1: whereF t is the thrust force produced by the momentum flux through the orifice on the thrust stand,F j is the force produced by the momentum flux of the jet gas on the surface of the plenum (jet backflow),F b andF¨b are the forces exerted by the facility background gas on the two opposite plenum surfaces.
NUMERICAL MODELING
The SMILE code [4] based on the DSMC method is used to calculate orifice flow for vacuum and finite background pressure conditions. The majorant frequency scheme [5] of the DSMC method is utilized to model collisions between molecules. The intermolecular potential is assumed to be a variable hard sphere model [6] with the molecular parameters of Ref. [1] . The jet and background gases are modeled as separate chemical species in order to study the influence of the facility background conditions. Since the pressure ratio between the plenum and facility is on the order of 10 3 to 10 7 , species weights are used to reduce the statistical scatter of background gas properties. Due to the symmetry of the problem, the axisymmetric version of the SMILE code has been used. The computational domain and the boundary conditions are shown in Fig. 2 . The gas flux corresponding to the given plenum and background pressure and room temperature (T 0 ¦ 300 K) is modeled on the outer boundaries of the computational domain. The full momentum and energy accommodation model was assumed at the surface with a wall temperature 300 K. The collision cell size is chosen to be less than the local molecular mean free path. The number of collision cells was varied from 10,000 to 110,000 with 150,000 to 1,200,000 modeling particles, respectively, depending on the plenum pressure. [7] Let us now discuss the calculation of forces used in the DSMC simulations. The impulse flux through the orifice
where f u v w is the velocity distribution function, ρ is the local gas density and u is the axial velocity component. The momentum fluxes on the surface of the plenum F j , F b , F¨b are calculated from the pressure distribution over the corresponding surface as
where p 1 and p 2 are the local jet and background pressures over the plenum surface, respectively, and p b is the constant facility background pressure far from the orifice.
RESULTS AND DISCUSSION

Orifice flow at different regimes
Let us first consider the impact of the flow rarefaction on the structure of the flow in the vicinity of the orifice. The results presented in this section are for molecular nitrogen flow at two Knudsen numbers, Kn ¦ 0 § 01 and 40, and zero background pressure. The Knudsen number is defined as the ratio of the molecular mean free path in the plenum to the orifice diameter. For the plenum pressure of 3 torr, the variation in background pressure from 0 to 6.3 10¨4 torr does not change the flow parameters near the orifice, where the density of the jet is several orders of magnitude higher that that of the background gas.
The pressure contours normalized by the plenum pressure are shown in Fig. 3 for Kn ¦ 0 § 01 and 40. The flow in the vicinity of the orifice is shown here to illustrate the impact of flow rarefaction, whereas the entire computational domain was 5d 30d in axial direction and 0 30d in the radial direction (see Fig. 2 ). As expected, the influence of the orifice is observed further up-stream for the more rarefied flow due to a larger mean free path. The normalized pressure at the orifice plane is about two times lower for the Kn ¦ 40 case. Also, the normalized pressure for Kn ¦ 0 § 01 is about two times lower than for Kn ¦ 40 along the axis. The flow structure for the two Knudsen numbers are different near the outer plenum wall. There is almost no collisions of jet molecules with the wall for Kn ¦ 40, which is in fact a free molecular flow. Pressure isolines have therefore a near-circular shape and start at the orifice edge for Kn ¦ 40. Molecular collisions in the jet for the higher pressure case cause a back flow with some jet molecules colliding with the outer wall and then reflecting with complete energy accommodation. This results in a gradual decrease of the pressure in the direction from the orifice edge.
Comparison of calculated and measured mass flux
A comparison of the calculated and measured mass flux is given in Fig. 4 
Effect of the jet on the background gas
Consider now the effect of the jet on the flowfields and surface fluxes of the background gas. The jet molecules do not perturb the background gas for the lowest calculated plenum pressures (Kn ¦ 40 4). For those cases, the flow is in the free molecular regime in the whole computational domain, and the density of the background gas does not change significantly throughout the field. For higher pressures the jet significantly impacts the background gas, and jet shadowing of the surface and background molecules that penetrate the jet are important. Figure 6 shows the number density of the background gas normalized by the free stream value for a plenum pressure of 3 torr and a background pressure of 4 § 2x10¨4 torr. It is clearly seen that the normalized density decreases from its free stream value (taken at about 25d downstream from the orifice) to less than 0 § 05 in the vicinity of the orifice.
Such a decrease is due to collisions between jet and background molecules. Figure 7 shows the molecular mean free path normalized by the orifice diameter and indicates a sufficient collision rate to explain the structure seen in Fig. 6 . Generally, the mean free path is comparable or less than the linear size of the plenum height of 30 d. Even at a distance of 20d from the orifice, the mean free path is about 50d, which significantly lowers the penetration of the background molecules upstream to the surface.
The influence of the plenum pressure on the pressure distribution of the background gas along the plenum surface (the line labelled "wall" in Fig. 2 ) is shown in Fig. 8 For the high-pressure cases, the entire area of the plenum is partially shadowed by the flow from the orifice.
To properly calculate the total force, in addition to the thrust force and the forces produced by the background, we need to include the contribution from the force produced by the orifice backflow, i.e. molecules from the jet that hit the surface. The computational results confirm the applicability of the linear extrapolation from non-zero pressures to obtain thrust measurements for zero background pressure used in Ref. [2] . An important conclusion is that the contribution from F j and F b is larger that that from F¨b for all background pressures under consideration.
Thrust stand calibration
The force has been measured in the experiment by the torsional thrust stand in terms of a deflection sensed by a transducer [2, 3] . A calibration of the thrust stand has been carried out by the least square fit of the deflection data and the DSMC simulation results for N 2 , He, and Ar. The calibration factor was determined to be 2 § 2 " 10¨3 N/Volts. Figures 9-10 show the comparison of calculated forces with the calibrated measured force for the three test gases. For the nitrogen test gas, the calculated and measured mass flux agree within 5 % for Knudsen number less than 0.1. The maximum deviation between the calibrated measured and calculated force is 23 % for Kn=0.4 and is less than 3 % for Kn less than 0.1. For the other two gases, argon and helium, data were obtained for lower background pressures, resulting in even better agreement between measurements and calculations. Table 1 
CONCLUSIONS
The direct simulation Monte Carlo method was applied to model a rarefied gas expansion through a thin circular orifice. The calculations were conducted for orifice flow for Kn ¦ 0 § 01 to 40. The numerical and earlier obtained experimental results were used to calibrate a torsional thrust stand designed to measure force levels of 10¨6 to 10¨3 N.
The calculations have been made for different facility background pressures, with the background-to-plenum pressure ratio changed from 0 to 10¨3. For low Knudsen numbers the background gas contribution to the total force become significant. This is due to the jet shadowing effect which is sufficiently significant and must be included in modeling to permit a comparison with experiment. The increase of the background gas force on the plenum side was found to be a linear function of background pressure.
The force contribution of the momentum flux from the jet on the plenum surface was shown to be important for lower Knudsen numbers. It is comparable to the background gas contribution for Kn# 0.01. These calculations support the use of ground-based facilities to make reliable low thrust measurements. Since the orifice flow test is easy to set-up and the gases under consideration are readily available, the mass flux and thrust data presented in this paper can be used as reference for testing micro-Newton thrust stands. ρ/ρ 0 FIGURE 6. Normalized density of background gas for a plenum and background pressures of 3 and 4% 2 $ 10 ¤ 4 torr, respectively. 
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